Real-time, cross-sectional echocardiograms were recorded in 28 consecutive adult patients with valvular aortic stenosis using a high resolution, mechanical sector scanner. Using the cross-sectional technique, the aortic valve orifice diameter was recorded in each of the 28 patients. With M-mode echocardiographic examination of these same patients, this value could be estimated in only 21 of these 28 patients (75%). The maximum aortic valve diameter recorded during the cross-sectional study averaged 7.9 ± 1.8 mm (range 4-11 mm) in 15 patients with severe aortic stenosis; 11.6 ± 2.3 mm (range 9-15 mm) in five patients with moderate aortic stenosis; 16.9 ± 2.0 mm (range 14-20 mm) in eight patients with mild aortic stenosis; and 20.5 ± 2.8 mm (range 15-26 mm) in 25 patients with no evidence of aortic valve disease. Comparing the means of these groups yielded the following: severe vs moderate P < 0.005; moderate vs mild P < 0.001; and mild vs normal P < 0.001. Although there was some overlap between the individual groups, a clear separation existed between patients with severe and mild aortic stenosis. In addition, the group of patients in whom surgical intervention was recommended was also separated from the other subjects. When the aortic valve orifice was recorded using the M-mode technique, there was also a good correlation with the severity of the stenosis; however, the tendency of the M-mode study to overestimate severity in individual patients with calcific aortic stenosis and to underestimate severity in congenital aortic stenosis was again demonstrated. This study suggests that real-time, high resolution, cross-sectional echocardiography should be valuable in the noninvasive assessment of patients with aortic stenosis.
A NUMBER OF REPORTS have described the use of M-mode echocardiography in evaluating patients with aortic stenosis.'-5Characteristic echocardiographic findings have been noted in patients with calcific aortic stenosis'-3 5 and congenital bicuspid aortic valve. 4 Attempts have been made to quantitate the severity of aortic stenosis by estimating the echo density within the aortic root in patients with calcific aortic stenosis' and by measuring aortic cusp separation in patients with both calcific and noncalcific aortic stenosis.2 While all of these observations have proven helpful in some cases, it has not been possible reliably and consistently to estimate the severity of aortic stenosis using M-mode echocardiography. There are two common situations in which the narrow M-mode view fails to record reliably the aortic valve orifice and permit measurement of systolic aortic cusp separation.' In patients with noncalcific aortic stenosis and systolic doming of the aortic valve, strong echoes will generally be recorded as the ultrasonic beam passes through the base of the dome where the fused leaflets lie perpendicular to its plane. At the apex of the dome where the leaflets are more parallel to the path of the beam, frequently no signal is recorded. In such cases the valve orifice is not appreciated and a severely stenotic aortic valve may appear to have normal cusp separation.2 In patients with calcific aortic stenosis intense echo production from an area of calcification may obscure leaflet motion and again prevent the aortic valve orifice from being recorded. Cross-sectional echocardiography, by expanding our field of vision and by providing spatial orientation, permits the entire aortic valve to be examined throughout the cardiac cycle and its pattern and amplitude of motion to be more fully appreciated. The following report-describes our initial results in examining patients with.valvular aortic stenosis using a high resolution, real time, cross-sectional echocardiographic sector scanning system. Figure 3 is a crosssectional recording from a patient with congenital aortic stenosis. Systolic doming of the valve is apparent in figure   3B . The orifice diameter is measured from the inner aspects of the two dominant echoes at the tips of the vertical arrow representing the anterior and posterior margins of the valve orifice. The length of this arrow again corresponds with this diameter. Figure 3A is a diastolic recording from the same patient. Diastolic inversion of the valve occurs in this case resulting in a diastolic appearance which is almost a mirror image of the systolic doming of the valve seen in figure 3B . Cross-sectional echocardiographic recording of a normal aortic valve in a long axis presentation. In the frame on the left recorded during systole, the open aortic leaflets can be appreciated at the tips of the vertical arrow. The diameter of the aortic valve orifice is measuredfrom the inner aspect of the leaflet echoes and corresponds to the length of the arrow. The walls of the aorta (AO) are illustrated by the horizontal arrows. In the right hand diastolic frame the aortic leaflets (AIV) appear as a straight line in the center of the aorta (AO The aortic valve diameter measured during crosssectional study and its relationship to the severity of the aortic stenosis are illustrated in figure 4 .
In 15 patients with severe aortic stenosis aortic valve diameter (AVD) averaged 7.9 ± 1.8 mm (range [4] [5] [6] [7] [8] [9] [10] [11] Relationship of the maximum aortic valve orifice diameter (AVD) measured by the cross-sectional technique to the severity of aortic stenosis. Squares = patients recommended for aortic valve replacement based on clinical and hemodynamic criteria.
obscured by dense masses of echoes from within the aortic root (six). Aortic cusp separation could be determined in ten of 15 patients with severe aortic stenosis, three of five patients with moderate aortic stenosis and eight of eight patients with mild aortic stenosis. In the ten patients with severe aortic stenosis aortic cusp separation averaged 9.3 mm (range 5-12 mm). In the three patients with moderate aortic stenosis aortic cusp separation averaged 13.7 mm (range 8-23 mm).
In the eight cases of mild aortic stenosis M-mode aor- Figure 3 Long axis, cross-sectional, systolic and diastolic recordings ofa congenitally stenotic, dome-shaped aortic valve. Figure 3A is recorded in diastole. The thickened aortic leaflet can be seen to bow backward toward the cavity of the left ventricle. Figure 3B Figure 6 Results of measured aortic valve orifice diameter recorded during M-mode study. The normal group represents the normal mean and range previously established in our laboratory.
defined ( fig. 7 ). In two of these 28 patients, the aortic valve could not be recorded through the chest but was successfully recorded using the subxiphoid approach. This suggests that the small, versatile transducer used in this cross-sectional study may provide information in certain areas which is not obtainable using the larger, less maneuverable transducers of other twodimensional systems.
There was a good correlation demonstrated in this study between the aortic valve orifice diameter measured by the cross-sectional technique and the severity of aortic stenosis. Although some overlap was present among the individual groups, there was a clear separation between patients with mild and severe stenosis. When the clinical condition of the patients was also considered, a further separation of patients occurred. Thus, all patients with an aortic valve diameter of 8 mm or less had severe aortic stenosis. All patients having an aortic diameter of 11 mm or less, and one of two patients with a 12 mm Systolic and diastolic recordings from a densely calcified, stenotic aortic valve. The areas of calcification are demonrstrated by the long, linear echoes reflected from a major portion of both the anterior and posterior aortic leaflets. The predominant area of calcification, however, is confined to the anterior leaflet. In figure 7A recorded during diastole, several fine echoes can be seen between the two areas of calcification. These echoes represent the limited remaining area of relatively mobile valve tissue. The faint echoes from this area are overshadowed by the strong dominant echoes from the areas of calcification. In the systolic frame, figure 7B, Comparing these results with those obtained during M-mode study of the same patients ( fig. 6 ) revealed the following: In the ten patients with severe aortic stenosis in whom the aortic cusp separation could be determined by M-mode studies, the results were similar to those recorded on cross-sectional studies. In eight of these ten patients, the results of the two techniques were within 2 mm of each other. In the other two cases, the M-mode measurements were 3 and 4 mm higher. The latter case was a young woman with congenital aortic stenosis and a domed valve. In three of the eight cases of mild aortic stenosis, however, the orifice measurement was also in the severe range. In one case of moderate aortic stenosis, an aortic cusp separation of 23 mm was measured from the M-mode tracing. This was in the upper portion of the normal range and would indicate an absence of stenosis. These results suggest that when the valve orifice itself is measured by both techniques the results will be similar. The inability to determine when the actual valve orifice has been recorded using the one dimensional M-mode system, however, limits its usefulness.
Using the maximum aortic cusp separation as an indication of aortic valve diameter and thus of aortic valve orifice size presumes that the aortic leaflets are distended maximally. In patients with decreased cardiac output or subvalvular aortic obstruction the leaflets may not open fully, and therefore in these cases this estimate would be incorrect.
The aortic leaflets normally lie against the walls of the circular aorta during systole. The aortic cusp separation at this point reflects the true orifice diameter and hence the valve area. When aortic stenosis is present, the orifice frequently is not circular and the cusp separation is a less exact estimate of the valve area. Measurement of the aortic valve area directly by recording the valve orifice in a short axis presentation would be preferable. Henry et al., using a similar cross-sectional system, reported that they were able to measure the mitral valve orifice directly in patients with mitral stenosis.9 While we have had similar success in visualizing the larger mitral valve orifice, the lateral resolution of this system appears inadequate to accurately visualize the lateral margins of the aortic valve orifice in the majority of patients. In addition, the opened mitral valve tends to remain in a relatively stable position within the ventricle facilitating short axis localization of the valve orifice. In contrast, the aortic valve moves rapidly in a superior-inferior direction during ventricular systole. As a result, the valve orifice passes rapidly through the plane of the cross-sectional beam and is more difficult to localize and record. We have been able to record clearly an aortic valve orifice in several patients and hopefully with future improvements in engineering and transducer focusing, direct measurement of the aortic valve orifice will be possible.
In this study, we have reported results of long axis, aortic valve diameter measurements in adults only. In these patients, good correlation existed between the directly measured aortic valve diameter and the severity of aortic stenosis. Slight statistical improvement occurred when this measurement was corrected for body surface area although, in general, correction appears unnecessary. We have examined a number of children and found that an aortic valve diameter could readily be determined. Some correction obviously is required in this group to relate aortic valve diameter to body size. Correction for body surface area, however, appears inadequate, since the smaller the child, the greater the ratio of cusp separation to body surface area. We have not examined a large enough group to determine the appropriate correction factor for children and these patients were, therefore, not included.
This study suggests that cross-sectional echocardiography may represent a reliable noninvasive method for estimating the severity of valvular aortic stenosis. It further suggests that cross-sectional echocardiography offers an improvement over conventional M-mode echocardiography in evaluating these patients.
